Abstract
Disulfide/thiolate interconversion controlled by copper is proposed to be involved in relevant biological processes, such as copper delivery and protection of cells against reactive oxygen species. In analogy to copper, it can be envisaged that iron also participates in the control of similar biological processes. We describe herein iron complexes that undergo 
Introduction
Sulfur-containing compounds, especially those including cysteine, glutathione or thioredoxin that are known to be prone to thiolate/disulfide interconversion processes, are largely found in different cellular compartments where they act as structural and chemical transducing agents.
[1] The fine-tuning of the equilibrium potential [2] in each cellular space affects the relative concentration of the oxidized and reduced forms of these molecules and thus have an impact on the specific chemical organization and function of each cellular compartment.
Transition metal ions can participate and assist in the control of this thiolate/disulfide (inter)conversion, and particularly copper is often found. Such process has been proposed to be involved in the formation of copper-based biological active sites, [3] as the Cu A , or in the control of the concentration of reactive oxygen species (ROS).
[4] For a better understanding of the factors that govern such copper-based thiolate/disulfide (inter)conversion, chemists have characterized different Cu I -disulfide/Cu II -thiolate switches with conversion processes controlled by temperature, [5] solvent polarity, [5] acidic-basic conditions [6] or (de)coordination of chloride. [7] More recently, we have extended this family of copper-based systems to isostructural cobalt-and manganese-based complexes that display M II -disulfide/M III -thiolate interconversion processes mediated by (de)coordination of halides. [8] In the presence of chloride or iodide, the dinuclear M II -disulfide complexes (M = Co and Mn; Scheme 1) are converted into the corresponding mononuclear M III -thiolate species that contains one coordinated halide. Binding of the halide to the metal promotes an internal electron transfer from the metal ion to the disulfide moiety, i.e. the reduction of the disulfide into two thiolates, combined with metal oxidation. Inversely, the release of the halide provokes the oxidation of thiolates to disulfide accompanied by metal reduction. Controlling such a process is challenging to predict since it depends on several factors including the covalency of the metal-sulfur bond and the redox properties of the complexes.
In the present work, our objective was to enlarge this investigation on metal-promoted thiolate/disulfide interconversion to iron, which represents together with copper the most abundant redox active metal in biological media. Iron-sulfur complexes are broadly present in biology as electron transfer agents ([Fe-S] clusters), [9] or in the active sites of enzymes involved in the reduction of small molecules such as hydrogenases, [10] CO dehydrogenases [11] or nitrogenases. [12] Iron is also proposed to be involved in the production and destruction of ROS. [13] Similarly to the case of copper, iron-controlled thiolate/disulfide interconversion is potentially involved in cellular iron delivery processes and in the regulation of ROS concentration. In addition, a thiolate/disulfide switch has been proposed to be directly implicated in the reaction mechanism of iron-containing nitrile hydratase.
[14]
We describe herein iron complexes isostructural to the previously described Co and Mn derivatives, which undergo thiolate/disulfide conversion mediated by halide (de)coordination.
A comparison between the redox properties of the complexes involved in the interconversion process allows to rationalize the different switching efficiency of the cobalt, manganese and iron systems. We also found that, even in the absence of halides, the relative stability of the Fe II -disulfide and Fe III -thiolate forms is strongly influenced by the nature of the solvent. Single-crystals of the product were grown by slow diffusion of diethyl ether into the acetonitrile mother liquid. The corresponding X-ray structure reveals a µ 1,2 -η 1 :η 1 -disulfide bis(µ-thiolate) dinuclear Fe II complex containing a {Fe 2 S 2 (SS)} core, as displayed in Figure   1a (selected distances are given in Table 1 Figure 1c , Table 1) shows its mononuclear character and a quasi-perfect square pyramidal geometry around Fe, with τ 5 values of 0.032 / 0.005 (values are given for the two independent molecules present in the crystal). Its overall structural properties are similar to those of its reported oxidized form, [15] with the expected increase of all Fe-ligand bond distances. Concerning the Fe-Cl bond lengths, these distances are close in both complexes (2.306(3) and 2.3390 (11) [15] Finally, the analysis of the 1 H NMR spectra of [Fe 2 SS ] 2+ dissolved in CD 2 Cl 2 , CD 3 CN and d 7 -DMF allows for the supply of an overall picture of the speciation in these different solvents.
All the spectra are paramagnetic, showing peak shifts in the NMR spectra that span from around +45 to -35 ppm ( Figure 5 Table S3 ), all of these peaks are assigned to a single species. Taking into account the UV-vis, ESI-mass, EPR and X-ray diffraction data (see above), this species is assigned as the original for X= MeCN and DMF, respectively, see Table S5 ). 2+ and their subsequent removal seems to be a convenient strategy, [8] especially since the [Fe III (LS)X] (Fe X , X = Cl, I) complexes have been already isolated and described. [15] [16] Figure   7a ). The UV-vis spectrum of this species corresponds to the [Fe III (LS)Cl] complex (Fe Cl ). [15] Based on the extinction coefficient of the intense transition at 495 nm determined in CH 2 Cl 2 (ε≈ 7200 L·mol -1 ·cm -1 ) we conclude that the reaction is not only rapid but also quantitative. Figure S5 ). Solvent dependency for M n -disulfide/M n+1 -thiolate (inter)conversion has been previously reported only in the case of a dicopper complex. In that case, both the nature of the solvent and the temperature allowed the control of the equilibrium in favour of one of these species. [5] [6] However, differently from the present case, the Cu I -disulfide/Cu II -thiolate interconversion process was driven by solvent polarity and not by its coordinating properties.
As a result, the Cu I -disulfide species was preferably formed in polar solvents, [5] while the formation of the present Fe II -disulfide complex is promoted in apolar solvents. This demonstrates that the effect of the solvent is system-dependent and no general conclusion can be drawn. In the absence of halides, in the cases of the Co and Mn complexes isostructural to complexes (Mn << Fe < Co, Table 2 ) is directly correlated with the stability of the S-S bond (Mn >> Fe > Co). This is most likely due to the decrease in the covalent character of the M-S S-S bond from cobalt to manganese, iron being an intermediate case. [20] Concerning the reverse process, i.e. the M III -thiolate to M II -disulfide conversion, the ability for this reaction to occur is at a lower reduction potential of [M 2 SS ] 2+ with respect to the corresponding M III -thiolate species as is the case of both the Fe and Mn systems (Table 2) .
However, other factors can affect the process. As an example, the difference of reactivity between Fe Cl and Fe I can be explained by the different solubility in CH 2 Cl 2 of the LiX salts co-generated during the anion exchange process (LiI being more soluble than LiCl).
Concerning the Co system, this conversion is too fast to observe the transient formation of 
Conclusion
In M n+ -disulfide/M (n+1)+ -thiolate interconverting systems, the nature of the metal notably modulates the redox properties of the sulfur-based ligand by controlling its electronic structure. Our data collected on a series of closely related Fe-, Mn-and Co-based systems evidence how the efficiency of this interconversion relies on the fine-tuning of the redox properties of the different complexes involved, and on the nature of the M-S bond for the different metal ions. However, these properties are difficult to predict: even if trends can be extracted, the analysis remains qualitative. Amongst the three different switches, the Fe system is the only one displaying Fe II -disulfide / Fe III -thiolate (inter)conversion controlled by the coordinating abilities of the solvent and not just by addition/removal of halides.
Thiolate/disulfide interconversion processes mediated by a metal ion has been previously proposed only in the case of copper for different biological purposes including copper delivery and protection of cells against reactive oxygen species (ROS). From the present study, it can be anticipated that a similar reactivity can be mediated by iron in the suitable ligand environment especially by considering that it is the main metal at the origin of the formation of ROS via the Fenton reaction.
Experimental part
General. [15] [16] All reactions were carried out under an atmosphere of dry nitrogen (glove box). The elemental analyses were carried out with a CHN analyser (SCA, CNRS). The ESI-MS spectra were recorded on an amaZon speed and TQ QUATTRO II ion trap spectrometers equipped with an electrospray ion source (ESI). The samples were analysed in positive ionization mode by direct perfusion in the ESI-MS interface. The infrared spectra were registered on a Magna-IR TM 550 Nicolet spectrometer as KBr pellets.
Electronic absorption spectra were recorded on a ZEISS MCS 601 UV-NIR photodiode-array spectrophotometer. The 1 H NMR spectra have been recorded on a Bruker Avance III 500
MHz spectrometer using standard Bruker pulse sequence. Longitudinal relaxation time (T1) measurements have been carried out by using standard inversion recovery sequence.
Magnetic susceptibility measurements in solution have been performed by the Evans method.
[18] Cw X-band EPR spectra were recorded on a Bruker EMX, equipped with the ER-4192 ST Bruker cavity and an ER-4131 VT at 100 K. Tables S1 and   S2 . Single-crystal diffraction data were measured on a Bruker-AXS-Enraf-Nonius Kappa diffractometer with an APEXII area detector and an Incoatec high brilliance microfocus source (MoKα radiation, Multilayers mirrors monochromator, λ 0.71073Å) at 200 K. The OLEX2 program package was used for cell refinements and data reductions. [21] An absorption correction (SADABS) was applied to the data. Molecular structures were solved by charge flipping and refined on F2 by full matrix least-squares techniques, using the SHELXTL package. [22] All non-hydrogen atoms were refined anisotropically and all hydrogen atoms were placed at their calculated positions. [24] In all calculations a 6-31G* basis set was employed on all atoms for geometry optimizations and frequencies, except on the metals where LANL2DZ with ECP was used. [25] Further single point corrections were done at the 6-311+G* [26] level of theory on all atoms, with LANL2DZ as ECP on Iron: basis set BS2
Synthesis of [Fe
including the polarized continuum model with dielectric constant of ε = 35.688. All calculations were run in Gaussian-09. [27] 
